). Analysis of ss rRNA gene sequences amplified from the enrichment culture revealed an organism containing a sequence with 99% identity to the korarchaeal environmental clone, pJP27 3 . The organism harbouring 3 this sequence was designated OPF8 and was identified using fluorescence in-situ hybridization analysis 11, 12 . Korarchaeota specific probes hybridized to ultra-thin, filamentous cells which occurred at a density ca. 1.0x10 7 cells/ml. The filamentous organisms were approximately 0.16 µm in diameter with an average length of 15 µm although cells were observed with lengths up to 100 µm. Surprisingly, the cellular morphology reported here ( Fig. 1 ) was unlike the rod-shaped, thicker morphotype that has been described for the pJP27 associated organism 10 . It was observed that in the presence of increasing concentrations of sodium dodecyl sulfate (SDS) [up to 1% (w/v) at 46 o C for 3 hours], the integrity of cells hybridizing to Korarchaeota specific probes was much greater than that of the other background organisms. We exposed planktonic, Analysis of the OPF8 genome revealed a mosaic of conserved features which are generally thought to be exclusive among the Crenarchaeota, Euryarchaeota, or Eukarya.
Several environmental ss rRNA sequences have been recovered from globally dispersed hydrothermal environments which, by their initial phylogenetic analysis, were thought to comprise a novel lineage of Archaea which potentially branched before the Crenarchaeota/Euryarchaeota bifurcation 8, 3 . This group was provisionally designated the Korarchaeota and little has been revealed regarding their gene content or physiology 4 . In order to gain a better understanding of this novel lineage, we attempted to sequence the entire genome of a member of the Korarchaeota from a community of hyperthermophilic microorganisms. Continuous enrichment cultures were established using a dilute organic medium and sediment samples from Obsidian Pool, Yellowstone National Park, Wyoming, USA, as a source of inoculum 9, 10 . The 85 o C, strictly anaerobic cultivation system supported the stable growth of several hyperthermophilic Archaea and Bacteria ( Supplementary Fig. S1 ). Analysis of ss rRNA gene sequences amplified from the enrichment culture revealed an organism containing a sequence with 99% identity to the korarchaeal environmental clone, pJP27 3 . The organism harbouring 3 this sequence was designated OPF8 and was identified using fluorescence in-situ hybridization analysis 11, 12 . Korarchaeota specific probes hybridized to ultra-thin, filamentous cells which occurred at a density ca. 1.0x10 7 cells/ml. The filamentous organisms were approximately 0.16 µm in diameter with an average length of 15 µm although cells were observed with lengths up to 100 µm. Surprisingly, the cellular morphology reported here ( Fig. 1 ) was unlike the rod-shaped, thicker morphotype that has been described for the pJP27 associated organism 10 . Analysis of the OPF8 genome revealed a mosaic of conserved features which are generally thought to be exclusive among the Crenarchaeota, Euryarchaeota, or Eukarya.
A coding region of 110 amino acids in length was identified with a predicted pfam domain corresponding to subunit Rpb8 (pfam03870; E-value = 9 x 10 -3 ) of the eukaryotic DNA-dependent RNA polymerases. The putative Rpb8 homologue resides in a two-gene operon with the eukaryotic-like transcription factor, TFIIB. The Rpb8 subunit is shared among all three eukaryotic nuclear RNAP enzymes and is essential for transcription; however, no Rpb8 homologues have been identified in any archaeal genomes 13 . The putative korarchaeal Rpb8 displayed the greatest sequence conservation in the C-terminal portion of the peptide and retained all but one residue in the highly conserved GGLLM signature motif (Fig. 2) . This motif recognizes a region of the Rpb1 subunit defined by the P.I.KP..LW.GKQ motif which is conserved in both eukaryotic and archaeal Rpb1 homologues 14 . Although it is well known that the archaeal transcriptional system is similar to that of the Eukarya 15 , the Rpb8 subunit was thought to be exclusive among eukaryotes and considered a eukaryotic signature protein 7 . Functional validation of the Rpb8 homologue from OPF8 is in progress (Michael Thomm, personal communication). 5 A number of conserved genes are considered to be hallmark features of either of the two archaeal kingdoms. For example, the FtsZ protein, which is involved in (noneukaryotic) cell division and structurally homologous to eukaryotic tubulins, is highly conserved throughout the Euryarchaeota 6 In contrast, ftsZ structural genes appear to be absent in members of the Crenarchaeota. The OPF8 genome encodes a total of 7 ftsZ homologues which represents the highest number of these genes in any organism. The ftsZ genes are encoded by two separate orthologous sequences and, in a 7-gene operon containing 5 ftsZ sequences which appear to be recently diverged paralogues. One of the FtsZ orthologues is included in a gene cluster containing secE, nusG, and several ribosomal protein genes (Fig. 4 ). This gene cluster is highly conserved within the euryarchaeal kingdom 17, 18 . In addition to ftsZ, other features which are generally characteristic of the Euryarchaeota were also identified in the OPF8 strain including large and small subunits (COGs 1933 and 1911 respectively) of a DNA polymerase II (D family) and 2 histones (COG2036) containing proline tetrad motifs 19, 20 .
The distribution of ribosomal proteins in OPF8 is similar to that found in members of the Crenarchaeota. This was apparent by the identification of several eukaryotic/crenarchaeal ribosomal proteins which are absent in all members of the Euryarchaeota 21 . These ribosomal proteins included S30e, S25e, S26e, and L13e.
Other crenarchaeal specific genes were also identified which encode an uncharacterized zinc ribbon containing protein (COG 4888), an uncharacterized conserved protein containing a coiled-coil domain (COG 5493), and actin-related proteins (COG 5277).
Since we were able to reconstruct an intact genome from the OP enrichment culture, a more in-depth phylogenetic analysis was possible based on whole-genome methods as well as conserved sets of informational genes. A suite of single-copy COGs which resist horizontal transfer 22 were initially selected for constructing phylogenetic trees. The dataset was primarily composed of ribosomal proteins and other orthologues 6 involved in translation (Supplementary Table S2 ). The tree topology generated from alignments of the concatenated COGs showed the korarchaeal OPF8 sequences forming a deep archaeal lineage with association to the Nanoarchaeota 23 and Crenarchaeota (Fig.   4a ). Analysis of trees based on genome conservation, which combines both sequence similarity and gene content in a single measure 24 , placed the OPF8 genome as an ancestor to the Crenarchaeota and thermoacidophilic Euryarchaeota ( Supplementary   Fig. 2) . Also, the clearly separate position of OPF8 on whole-genome trees suggests that this lineage has been evolving independently for a considerable period of time, and apparently has not experienced rampant horizontal transfer with other known organisms. Informational genes involved in transcription have also been used to trace the evolutionary history of the archaeal domain 25 . A separate maximum-likelihood analysis based on concatenated sequences of archaeal, eukaryotic, and bacterial DNAdependent RNAP subunits suggested that the korarchaeote OPF8, from a transcriptional perspective, bears an ancestral relationship to members of the Euryarchaeota and Crenarchaeota with 100% bootstrap support (Fig. 4b) . When bacterial RNAP subunits β, β', and α, were included as an outgroup, the OPF8 RNAP sequences displayed a monophyletic relationship with eukaryotic RNAP sequences relative to other Archaea ( Supplementary Fig. 3 ).
Improvements in cell identification and cultivation techniques, combined with robust DNA sequencing and assembly capabilities, allowed the first genome to be completely sequenced from the elusive Korarchaeota. The korarchaeal genome represented by OPF8 reflects a pattern of conserved orthologues that would be expected in a lineage that diverged early in the evolution of the Archaea. The presence of multiple Crenarchaeota-and Euryarchaeota-specific signature genes in a single glutaraldehyde (EM grade) in 20 mM sodium cacodylate buffer (pH 6.5). For scanning electron microscopy drops of the fixed sample were placed onto glass slides, covered with a cover slip and rapidly frozen with liquid nitrogen. The cover slip was removed with a razor blade and the slide was immediately transferred into fixative buffer, postfixed with osmium tetroxide, dehydrated in a graded series of acetone solutions and critical-point dried from liquid CO 2 , mounted on stubs, and coated with 3 nm platinum with a magnetron sputter coater. The specimens were examined with a Hitachi S-4100 field emission scanning electron microscope. For negative staining a drop of the sample at appropriate dilution was placed an a 400 mesh carbon-coated copper grid, freshly hydrophilisized by glow discharge. After incubation for 2 min, the drop was quickly removed with a pasteur pipette and the grid was air dried. The grid was stained with 2% uranium acetate and 0.01% glucose. Micrographs were taken with an EM 912 electron microscope (Zeiss) equipped with an integrated OMEGA energy filter operated in the zero loss mode.
DNA sequencing and assembly. DNA for sequencing was extracted as previously described with the elimination of freeze/thaw cycles to avoid shearing 3 . Library construction, DNA sequencing, and genome assembly were performed at the Joint Alignments and phylogenetic analysis. Construction of the concatenated ortholog tree was constructed using universally conserved single copy genes that do not participate in horizontal gene transfer as previously described 22 . We removed several COG groups since they were present in multiple copies in several genomes, or alternatively were not Genes with function prediction 1098
Genes without function prediction 519
Genes w/o function with similarity 505
Genes w/o function w/o similarity 14
Genes in ortholog clusters 1524
Genes in paralog clusters 167 
